Abstract: The gut of wood-feeding insects is a microhabitat for a specialized community of microbes, including bacteria and several groups of eukaryotes such as nematodes, parabasalids and fungi. The characterization of gut yeast communities from a variety of insects has shown that certain yeasts often are associated with the insects. The gut of woodfeeding insects is rich in ascomycete yeasts and in particular xylose-fermenting (X-F) and assimilating yeasts have been consistently present in the gut of lignicolous insects. The objective of this study was the characterization of the yeast flora from the gut of the wood roach Cryptocercus sp. (Blattodea: Cryptocercidae). Five wood roaches were collected along the Appalachian Trail near the border between Tennessee and North Carolina, USA. We isolated 18 yeast strains from the wood roaches identified as Sugiyamaella paludigena and Sugiyamaella lignohabitans, xylose-assimilating yeasts, and Scheffersomyces cryptocercus (NRRL Y-48824 T 5 CBS 12658) a new species of X-F yeast. The presence of X-F and certain non X-F yeasts in the gut of the subsocial wood roach Cryptocercus sp. extends the previous findings of associations between certain ascomycete yeasts and lignicolous insects. New combinations were made for 13 asexual members of the Sugiyamaella clade.
INTRODUCTION
In the past decade new information about the microbial communities inhabiting the gut of insects has been accumulating (Kurtzman et al. 2011) . Among insects, the bacterial gut communities of termites, beetles and wood roaches have been studied extensively but the fungal communities are less well known. Most studies of gut inhabitants of wood roaches, Cryptocercus (Blattodea: Cryptocercidae), have focused on enumeration of bacteria, especially endosymbiontic bacteria, and protists without mention of fungi that may have been present (Sacchi et al. 1998; Clark and Kambhampati 2003; Kitade 2004; Maekawa et al. 2005; Noda et al. 2006; Klass et al. 2008; Berlanga et al. 2009; Carpenter et al. 2009; Ohkuma et al. 2009; Carpenter et al. 2010 Carpenter et al. , 2011 . One study, however, reported the isolation of a yeast species from Cryptocercus punctulatus (Prillinger et al. 1996, Prillinger and Kö nig 2006) .
Investigations of the gut of wood-feeding beetles (Passalidae) recently led to the discovery of several distinct clades of ascomycete yeasts that are consistently associated with these beetles, perhaps as adaptations of the host feeding behavior and habitat (Suh and Blackwell 2004 , Suh et al. 2005 , Nguyen et al. 2006 , Berkov et al. 2007 , Grunwald et al. 2010 , Hughes et al. 2011 , Calderon and Berkov 2012 . In particular members of the Sugiyamaella, Scheffersomyces and Spathaspora clades have been found in association with passalids (Zhang et al. 2003 , Suh et al. 2004 , Nguyen et al. 2006 , Houseknecht et al. 2011 , as well as other wood-feeding insects and woody plants (Berkov et al. 2007 , Grunwald et al. 2010 , Hughes et al. 2011 . Species of Sugiyamaella are xylose-assimilating yeasts, and members of the Scheffersomyces and Spathaspora clades have attracted attention because they possess the rare ability to ferment D-xylose, which gives them economic potential for production of bioethanol from plant waste residues (Agbogbo and Wenger 2006, 2007; Agbogbo and Coward-Kelly 2008) . Members of these clades occupy a habitat rich in xylose, subunits of the plant cell wall carbohydrate hemicellulose.
The primary aim of this study was to investigate the possibility that yeasts are present in the gut of a distinctive subsocial wood roach Cryptocercus sp. that inhabits rotting wood in the Appalachian Mountains of the United States. We isolated 18 yeast strains identified as Sugiyamaella palludigena, Sugiyamaella lignohabitans, and a previously undescribed X-F yeast Scheffersomyces cryptocercus T 5 CBS 12658). The species described was based on a multilocus phylogenetic analysis, biochemical and morphological characterization, and the nucleotide comparison of the single copy gene XYL1 that encodes for xylose reductase (XR). In addition, new combinations were made for 13 asexual members of the Sugiyamaella clade.
MATERIALS AND METHODS
Insect collection and yeast isolation.-Seven individuals of Cryptocercus sp. were collected along the Appalachian Trail at Newfound Gap near the border between Tennessee and North Carolina, USA. The roaches were kept alive until time of dissection. Individual roaches were superficially disinfected by washing with 70% alcohol (5 min), 5% bleach (5 min) and sterile water (10 min) before gut removal. Each roach then was placed on a flame-sterilized coverslip, and sterile forceps were used to separate the exoskeleton to remove the gut.
Yeast isolation and culture.-The gut was divided into three regions: foregut-midgut (F-M), anterior hindgut (AHG) and posterior hindgut (PHG). Each region was homogenized in 500 mL 0.7% saline solution with 0.01% Tween 80. One hundred microliters of each homogenized region were plated on YPDM (0.3% yeast extract, 0.5% Bacto peptone, 1% dextrose, 0.3% malt extract, 2% agar) medium supplemented with 0.05% calcium carbonate, vitamins and salts (Boundy-Mills 2006 , Kurtzman et al. 2011 . The medium was acidified with 0.6 mL concentrated HCl per liter, and 0.35 mg/L chloramphenicol was added to reduce bacterial growth. After 3 d incubation at room temperature, 18 yeast colonies were selected for additional study based on cultural characteristics. The isolates were purified by multiple subcultures and stored on YPDM agar plates and broth cultures at 280 C in 15% glycerol. Other culture techniques and biochemical characterizations were carried out by the methods recommended by Yarrow (1998) , Barnett et al. (2000) , and Kurtzman et al. (2011) .
Amplification and sequencing of DNA.-Genomic DNA was extracted with a WizardH Genomic DNA purification kit (Promega). The concentration, integrity and purity of total extracted DNA were confirmed by gel electrophoresis in 0.8% agarose in 0.53 Tris-Borate-EDTA (TBE) buffer. Initial rapid identification was carried out by PCR amplification and sequencing of , 600 bp of the D1/D2 region of the large subunit rRNA gene (LSU) for use in BLAST queries (Kurtzman and Robnett 1998, Kurtzman et al. 2011) . To increase the robustness of the phylogenetic analyses and the accuracy of species recognition, PCR amplification of the small subunit of the rRNA gene (SSU , 1.6 Kbp) and internal transcribed spacers 1 and 2 (ITS , 500 bp), and RPB1 loci were carried out in addition to the LSU (White et al. 1990; Hibbett 1996; Schoch et al. 2009 Schoch et al. , 2012 Urbina and Blackwell 2012) . This multilocus dataset has been shown to generate a well supported phylogenetic reconstruction for the Scheffersomyces clade (Urbina and Blackwell 2012) . The purified PCR products were sequenced in both directions by Beckman Coulter Genomics (Danvers, Massachusetts).
RAPD-PCR fingerprinting.-RAPD-PCR analysis was performed with the oligonucleotide primer CDU (59-GCGATCCCCA-39) (Sullivan et al. 1995; Fadda et al. 2004 Fadda et al. , 2010 Urbina and Blackwell 2012) . Aliquots of 25 mL of amplified product were analyzed with electrophoresis on 1.8% agarose gel in 13 TBE buffer with 13 SYBRH Safe DNA Gel Stain (Invitrogen, Grand Island, New York) at 70 V for 80 min. DNA fragments were viewed with a UV-light transilluminator and photographed with a Polaroid system. Xylose reductase (XR) studies.-Use of the XYL1 locus recently was recommended for rapid identification of cryptic species in the Scheffersomyces clade (Urbina and Blackwell 2012) . The , 600 bp fragment of XYL1 was amplified with the following degenerate primers, XYL1-forward (59-GGTYT-TYGGMTGYTGGAARSTC-39) and XYL1-reverse (59-AAW-GATTGWGGWCCRAAWGAWGA-39) and the PCR protocol as recommended (Urbina and Blackwell 2012) .
Phylogenetic analysis.-Contig sequences and sequencing manipulations were done with Se-AL 2.01a11 (http://tree. bio.ed.ac.uk/software/seal/) and Mesquite 2.74 (Maddison and Maddison 2005) . The sequences were aligned in the online interface MAFFT 6.859 (http://mafft.cbrc.jp/ alignment/software/) with different advanced alignment strategies per locus: LSU and RPB1, global homology (G-INS-i); ITS, one conserved domain (L-INS-i); and SSU, mitochondrial small subunit (MtSm) rRNA, and cytochrome oxidase II (COXII), secondary structure of RNA (Q-INS-i). In particular ITS loci were realigned with the software SATé 2.1.2 (Liu et al. 2012) , and ambiguous sequence alignment ends were eliminated in all the alignments. Maximum likelihood (ML) phylogenic inference was performed in RAxML-VI-HPC (Stamatakis 2006 ) with a partitioned multilocus matrix (each partition for SSU, LSU, ITS1, 5.8S, ITS2, COXII, MtSm, RPB1) under a general time reversible model with a gamma distribution of site rate variation (GTRGAMMA). ML support was estimated with 1000 bootstrap replicates. Alignments and trees were deposited in TreeBASE (accession number S13305).The sequences for RPB1 and XR were obtained with SEQUIN 11.9 (http:// www.ncbi.nlm.nih.gov/Sequin/) with an alternative yeast nuclear codon bias (Ohama et al. 1993 , Wohlbach et al. 2011 . Tree editing was done with FigTree 1.3.1 software (http://tree.bio.ed.ac.uk/software/figtree/). GenBank sequence accession numbers are provided (TABLE I) .
RESULTS
The yeast strains were identified initially with LSU and ITS loci in BLAST queries (Altschul et al. 1990) . Sugiyamaella paludigena and Su. lignohabitans were identified as members of the gut community of Cryptocercus sp. (FIG. 1) . Sugiyamaella paludigena originally was isolated from high moor peat near Moscow, Russia (Golubev et al. 1981) , and more recently it was reported from rhizosphere soil of white spruce (Lamarche et al. 2011) . Sugiyamaella lignohabitans first was described from a decaying log of paper birch and associated insect frass in USA (Kurtzman 2007) . In general Sugiyamaella species have been found in association with wood and insects, and Su. bullrunensis was described from the gut of woodfeeding beetle Odontotaenius disjunctus (Houseknecht et al. 2011) as was indicated by a molecular cloning study of the same beetle (Zhang et al. 2003) . Altogether, these findings suggest that Sugiyamaella species are widely distributed in wood, soil and the gut of insects. We propose additional new combinations in the genus Sugiyamaella by including clade members that previously were described as species of the polyphyletic asexual genus Candida based on a multilocus phylogenetic analysis with 85% bootstrap support (FIG. 1) Blackw., comb. nov.
FIG. 2. ML tree based on a multilocus dataset using a 3488-character matrix for the Scheffersomyces clade. Candida tropicalis was used as an outgroup taxon (in gray). C-F and X-F, indicate cellobiose-and xylose-fermenting yeasts respectively. Numbers above branches refer to bootstrap values out of 1000 repetitions. ML score is 214312.34.
MycoBank MB564547
Basionym 145, 1970 In addition to the Sugiyamaella species isolated from wood roaches, we also obtained strains of an undescribed X-F yeast species from each of the seven roaches dissected. These isolates comprise a monophyletic group based on the multilocus phylogenetic analysis (71% bootstrap support value), morphological characterizations, and a phylogenetic study using XYL1 locus (FIGS. 2, 3, 4) . The nucleotide differences between the new strains and the close relative, Sc. shehatae, were 0 bp in LSU, 2 bp in SSU, 3 bp in ITS, 11 bp in RPB1 and 20 bp in XYL1. In addition no major differences were found among strains of Sc. cryptocercus described below with CDU RAPD-PCR fingerprinting primer (FIG. 3) .
Scheffersomyces cryptocercus H. Urbina & M.
Blackw., sp. nov. Etymology: The species name cryptocercus (N.L. gen. n.) refers to the host genus of wood roach, Cryptocercus, from which this species was isolated.
DISCUSSION
Several strains of a yeast closely related to Candida sake were found in the gut of the wood roach, C. punctulatus (Prillinger et al. 1996, Prillinger and Kö nig 2006) . Candida sake also has been isolated from food and liquid fermentations as well as soil and water and clinical isolations. It is variable in fermentative ability, including weak or delayed fermentation of cellobiose but does not ferment xylose, although the strains assimilate xylose. Several studies of unidentified cockroaches collected in Panama and Blatta orientalis from Germany (Henninger and Windisch 1976, Nguyen et al. 2007 ) report differences in the gut yeasts that probably reflect differences in behavior and geographical distribution between cockroaches and Cryptocercus. Although the common occurrence of some gut microbes have been used to support a sister group relationship between Cryptocercus and termites, too few data support this contention (Legendre et al. 2008 , Engel et al. 2009 ). In addition the occurrence of the gut yeasts outside the insects argues that the yeasts may be acquired from the habitat.
The isolation of the new X-F yeast isolated from the gut of wood roaches extends the association of yeasts with the rare biochemical ability to ferment D-xylose and wood-feeding insects (Zhang et al. 2003 , Suh et al. 2004 , Nguyen et al. 2006 , Berkov et al. 2007 , Grunwald et al. 2010 ). This finding is in agreement with studies in which the X-F yeasts Sc. stipitis and a FIG. 4 . ML consensus tree based on XYL1 using a 489-character matrix of X-F members in the Scheffersomyces stipitis subclade. Scheffersomyces ergatensis was used as an outgroup taxon (in gray). Number above each branch refers to bootstrap values out of 1000 repetitions. ML score is 21813.42.
close relative of Sc. shehatae were the predominant ascomycete yeasts in the gut of the wood-feeding beetles, O. disjunctus, and long-horned beetles in the family Cerambycidae , Nardi et al. 2006 , Grunwald et al. 2010 . In addition to the common association between Scheffersomyces spp. and woodfeeding insects, similar associations also occur between the Sugiyamaella clade and the insects (Houseknecht et al. 2011 ). In addition the presence of Sc. cryptocercus suggests the possibility of specificity with an understudied group of wood-feeding insects. Furthermore, the methodology applied in this study, including a large number of isolations from different parts of the gut of host individuals, let us discover rare yeasts by overcoming the effect of the abundance of other species that may overshadow the presence of rare yeasts.
The phylogenetic analysis based on nucleotide sequences of the XYL1 locus alone agrees with the separation of Sc. cryptocercus as a unique species as determined by the multilocus phylogenetic reconstruction (FIG. 4) . The use of the easily amplified XYL1 has been used to recognize cryptic species in the Scheffersomyces clade (Urbina and Blackwell 2012) .
Despite the large number of XYL1 nucleotide differences between Sc. cryptocercus strains and the type culture of Sc. shehatae, only four amino acid changes were present at the N-terminal region in the putative XR, but none of these mutations changed the polarity of the amino acids (data not shown). The mutations in the protein sequences surrounded the conserved domains, and these may have a role in the performance of the enzyme as has been pointed out (Urbina and Blackwell 2012) . The abundance of synonymous substitutions is an indication that selection may act on this locus to maintain an invariable protein sequence. 
